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HOW	PSOAS	MORPHOLOGY	DIFFERS	BETWEEN	A	SUPINE	AND	A	SITTING	MRI	
OF	THE	LUMBAR	SPINE	AND	ITS	IMPLICATIONS	FOR	LATERAL	LUMBAR	
INTERBODY	FUSION	
	
BRYAN	MICHAEL	BEAUBRUN	ABSTRACT	
Background			 The	psoas	major	is	an	important	muscle	that	is	part	of	the	iliopsoas	complex,	which	is	also	known	as	the	hip	flexor,	and	contains	a	major	web	of	nerves	called	the	lumbar	plexus.	The	location	of	the	lumbar	plexus	within	the	psoas	muscle	has	been	studied	on	cadaveric	dissections	previously,	particularly	with	respect	to	the	location	of	the	L4	nerve	root	but	the	effect	of	posture	on	psoas	morphology	has	not	previously	been	studied.	Hip	flexion	along	with	the	potential	changes	in	spinal	alignment	while	in	an	upright	sitting	position	may	cause	significant	changes	 in	 the	positioning	and	geometry	 of	 the	 psoas	 and	may	 also	 change	 the	 orientation	 of	 the	 lumbar	 plexus	within	the	muscle.		Current	 controversy	 exists	 in	 determining	 patient	 suitability	 for	 Lateral	Lumbar	 Interbody	 Fusion	 (LLIF)	 based	 on	 psoas	morphology.	 Oblique	 and	 trans-psoas	 approaches	 have	 become	 a	 popular	 minimally	 invasive	 lumbar	 fusion	technique	in	recent	years.	Lumbar	plexus	injury,	particularly	L4	nerve	root	injury,	is	a	known	potential	complication	of	the	oblique	and	trans-psoas	approach,	and	may	be	minimized	by	careful	assessment	of	the	psoas	anatomy	preoperatively.	Quadriceps	
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weakness	as	a	result	of	L4	nerve	root	injury	is	a	known	potential	complication	of	the	trans-psoas	 approach,	 and	may	 be	minimized	 by	 careful	 assessment	 of	 the	 psoas	anatomy	preoperatively.	Patients	may	present	with	a	sitting	MRI	rather	than	supine	MRI,	however	the	effect	of	posture	on	geometry	of	the	psoas	muscle,	and	therefore	of	the	lumbar	plexus,	has	not	been	previously	reported.	
	
Methods	We	conducted	a	retrospective	review	of	a	single-spine	surgeon	practice	over	a	6-month	period	to	identify	patients	whom	had	undergone	MRI	of	the	lumbar	spine	for	 evaluation	 of	 degenerative	 spinal	 pathologies.	Male	 and	 female	 patients,	were	included	 if	 aged	between	18-90	years	presenting	with	degenerative	 lumbar	spinal	pathology	 between	 2015-2016,	 and	 excluded	 if	 they	 had	 previous	 lumbar	 fusion,	scoliosis,	diagnosed	with	neuromuscular	disease,	were	skeletally	 immature	or	had	intrinsic	abnormalities	of	the	psoas	muscles	(e.g.	tumor,	infection	or	trauma).		The	 anteroposterior	 (AP)	 dimension	 of	 the	 psoas	muscle	was	measured	 at	each	disc	space	from	L1	to	L5	and	compared	to	the	AP	dimension	of	the	intervertebral	disc,	as	measured	at	the	inferior	vertebral	endplate.	The	AP	psoas:disc	ratio	was	then	calculated	and	compared	between	patients	undergoing	sitting	and/or	supine	MRIs.	
	
Results		 With	a	total	of	269	patients,	113	of	them	were	male	and	157	were	female.	209	patients	were	identified	with	supine-,	and	60	patients	with	sitting-	MRIs,	of	which	13	
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patients	had	undergone	both	sitting	and	supine	MRIs	 (BOTH	group).	A	propensity	score	match	(PSM)	was	performed	for	patients	undergoing	either	a	supine	or	sitting	MRI	to	match	for	age,	BMI	and	gender	to	produce	two	groups	of	43	patients.	In	the	BOTH	and	PSM	group,	the	sitting	MRIs	displayed	significantly	higher	AP	psoas:disc	ratio	compared	with	the	supine	MRIs	at	all	 intervertebral	 levels	except	L1-L2.	The	largest	difference	observed	was	a	mean	32-37%	increase	in	sitting	AP	psoas:disc	ratio	at	the	L4-L5	disc	in	sitting	MRIs	compared	to	supine	MRIs	in	the	BOTH	group	(range	0-137%).	
	
Conclusions		 The	psoas	muscle	and	the	lumbar	plexus	became	anteriorly	displace	in	sitting	MRIs,	 with	 a	 greater	 effect	 noted	 at	 caudal	 intervertebral	 discs.	 This	 may	 have	implication	in	selection	suitability	for	LLIF	and	intra-operative	patient	positioning.	 		
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INTRODUCTION	
	
The	Iliopsoas	Complex	The	iliopsoas	muscle	complex	functions	as	the	primary	flexor	of	the	hip	joint	but	it	is	still	not	clear	what	is	its	exact	functional	role	is	in	regard	to	the	lumbar	spine	(Regev	et	al.,	2011).	This	complex	is	made	up	of	two	muscles,	the	psoas	major	and	the	iliacus.	However,	the	iliopsoas	is	the	only	muscle	group	in	the	body	that	directly	attaches	to	the	spine,	the	pelvis	and	the	femur,	which	implicates	its	importance	and	influence	on	spine	and	hip	movement	(Jorgensson	A.	et	al.,	1993).	Andersson	et	al.	(1995)	describes	the	functionality	of	the	psoas	as	the	muscle	that	supports	upright	and	spinal	stabilization	in	the	frontal	plane	as	well	as	the	other	muscles	in	the	iliopsoas	complex	assisting	with	this	functionality.			The	psoas	major	originates	from	the	transverse	processes	as	well	as	the	intervertebral	discs	of	T12-L5	(Torres	et	al.,	1995).	It	attaches	to	the	femur	specifically	at	the	iliopsoas	bursa	located	above	the	lesser	trochanter	(Torres	et	al.,	1995).	When	in	use,	at	the	coxal	joint	it	flexes,	laterally	rotates	and	adducts	the	hip	(Regev	et	al.,	2011).	The	iliacus	has	the	same	insertion	site	as	the	psoas	major,	the	lesser	trochanter,	and	performs	the	same	action	at	the	coxal	joint	(Regev	et	al.,	2011).	However,	the	iliacus	does	differ	from	the	psoas	major	in	that	it	originates	from	the	iliac	fossa	and	the	femoral	nerve,	not	the	lumbar	plexus,	innervates	it	(Banagan	et	al.,	2011).	Within	the	psoas	muscle	is	the	lumbar	plexus,	which	is	composed	of	the	anterior	rami	of	the	L1,	L2,	and	L3	nerve	roots,	part	of	the	L4	
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anterior	ramus	and	contributions	from	the	subcostal	nerve	from	T12,	on	the	posterior	portion	of	the	abdominal	wall	(Banagan	et	al.,	2011	&	Guerin	P.	et	al.,	2012).	The	location	of	the	lumbar	plexus	within	the	psoas	muscle	has	been	studied	on	cadaveric	dissections	previously,	particularly	with	respect	to	the	location	of	the	L4	nerve	root.			
Positioning	of	the	Psoas	As	 the	 psoas	major	 relaxes	 and	 contracts,	 it	may	 change	 position,	 size	 and	geometry.	Patients	may	opt	 to	receive	a	sitting	MRI	rather	 than	a	supine	MRI.	Hip	flexion	along	with	the	potential	changes	in	spinal	alignment	while	in	an	upright	sitting	position	may	cause	significant	changes	in	the	positioning	and	geometry	of	the	psoas	and	may	also	change	 the	orientation	of	 the	 lumbar	plexus	within	 the	muscle.	This	change	in	positioning	and	geometry	is	important	to	note	during	routine	preoperative	MRI	 assessment.	 This	may	 present	 a	more	 efficient	 way	 to	 preoperatively	 plan	 a	Lateral	Lumbar	Interbody	Fusion	(LLIF)	by	effectively	circumnavigating	the	web	of	nerves,	the	lumbar	plexus.			 Although	some	surgeons	have	advocated	that	the	LLIF	is	a	minimally	invasive	approach	to	reduce	blood	 loss,	minimize	 tissue	damage	and	provide	 faster	patient	recovery,	it	still	presents	some	danger	to	the	patients	undergoing	LLIF	for	side	effects	of	 the	 surgery	 (Mayer	 et	 al.,	 1997).	 This	 approach	 is	 based	 on	 the	 trans-psoas	 or	anterior-to-psoas	technique	and	allows	for	direct	lateral	access	to	the	intervertebral	
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disc	space	(Ozgur	et	al.,	2006).	However,	the	trans-psoas	approach	only	allows	access	from	L1-L2	to	L4-L5	levels.		Due	to	variations	in	psoas	anatomy	and	lumbar	plexus,	controversy	exists	in	determining	the	safest	approach	for	the	LLIF	technique,	in	order	to	reduce	the	risk	of	injuring	the	lumbar	plexus,	particularly,	the	L4	nerve	root	at	the	L4-L5	intervertebral	disc	 (Guerin	 et	 al.,	 2012	 &	 Spivak	 et	 al.,	 2013)	 Careful	 assessment	 of	 the	 psoas	anatomy	 preoperatively	 is	 important	 because	 a	 known	 complication	 of	 the	 trans-psoas	approach	is	quadriceps	weakness.	This	stems	from	the	result	of	L4	nerve	root	injury,	a	known	potential	complication	of	the	trans-psoas	approach,	which	can	may	be	 minimized	 by	 proper	 preoperative	 planning	 (Guerin	 et	 al.,	 2012).	 When	penetrating	and	dilating	 the	psoas	major,	neural	retraction	and	psoas	 trauma	may	cause	 post-operative	 thigh	 pain,	 numbness	 or	 quadriceps	weakness	 as	mentioned	above,	despite	 the	use	of	EMG	neuromonitoring	 (He	L.	et	al.,	2015).	Essentially,	 in	order	to	minimize	the	likelihood	of	lumbar	plexus	injury,	pre-operative	assessment	of	the	psoas	anatomy	and	neuro-monitoring	of	the	lumbar	plexus	is	required	for	safe	lateral	approach	to	the	lumbar	spine.		Patients	may	present	with	sitting	MRIs	owing	to	radiology	facility	marketing	or	patient	claustrophobia,	however	the	influence	of	posture	on	the	position	of	the	psoas	muscle	and	the	lumbar	plexus	has	not	been	previously	reported.	This	study	hypothesizes	that	posture,	between	sitting	and	supine,	will	cause	variability	in	the	psoas	anatomy	in	determining	preoperative	suitability	for	LLIF.	In	particular,	that	
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postural	difference	in	anatomy	will	be	more	variable	at	more	caudal	intervertebral	discs.	
	
Why	The	Lateral	Lumbar	Interbody	Fusion	Technique?		As	in	the	aforementioned	text,	surgical	treatment	of	adults	with	lumbar	degenerative	conditions	still	remains	fairly	controversial	in	terms	of	what	is	deemed	the	best	and	safest	approach.	In	addition	to	the	LLIF	technique,	there	are	two	other	techniques	that	have	been	introduced	in	order	to	determine	optimized	patient	safety	and	recovery.	These	techniques	are:	the	posterior	lumbar	interbody	fusion	(PLIF)	and	the	transforaminal	lumbar	interbody	fusion	(TLIF)	(Barbagallo	et	al.,	2014).	The	lateral	lumbar	interbody	fusion	technique	is	the	newest	and	considered	to	be	a	more	direct	approach,	which	has	also	been	referred	to	as	the	extreme	lateral	interbody	fusion	(XLIF;	NuVasive,	San	Diego,	CA	United	States)	or	the	direct	lateral	interbody	fusion	(DLIF)	technique.		In	the	study	conducted	by	Barbagallo	et	al.	(2014),	they	conducted	a	comparative	analysis	between	the	safety	of	the	LLIF,	XLIF	or	DLIF	techniques	at	one	or	more	fusion	levels	with	or	without	instrumentation	versus	PLIF	or	TLIF	surgery	in	adults	with	lumbar	degenerative	conditions.	They	also	examined	what	pre-operative	factors,	if	any,	affected	patient	outcomes	following	the	LLIF,	XLIF	or	DLIF	techniques.	Their	results	proved	to	show	that	the	new	direct	lateral	approach	is	safer	and	effective	and	least	comparable	with	the	PLIF	or	TLIF	techniques	but	due	to	anatomic	limitation	of	the	iliac	crest,	it	cannot	be	used	for	the	L5-S1	level	
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(Barbagallo	et	al.,	2014).	Their	analysis	showed	that	utilizing	the	LLIF	technique	significantly	reduced	blood	loss	than	when	utilizing	the	PLIF	technique,	which	also	reflected	the	mortality	risk	for	LLIF	patients;	a	greater	reduced	mortality	risk	for	LLIF	patients	in	comparison	to	PLIF	patients	(Rodgers	et	al.,	2010	&	Knight	et	al.,	2009).	In	addition,	the	length	of	hospital	stay	was	found	to	be	shorter	in	the	group	of	patients,	who	were	treated	with	the	LLIF	technique	when	compared	to	those,	treated	with	the	PLIF	technique	(Deluzio	et	al.,	2010	&	Rodgers	et	al.,	2010).		
We	Know	the	Why,	Now	the	How?	The	LLIF	or	XLIF	technique	is	performed	by	accessing	the	disc	space	via	a	lateral	retroperitoneal	transpsoas	corridor	and	is	used	to	access	the	interbody	disc	space	from	T12/L1	to	L4/L5	(Mobbs	et	al.,	2015).		Near	the	posterior	portion	of	the	spine,	at	the	more	caudal	level,	the	lumbar	plexus	progresses	more	anteriorly	and	the	iliac	vessels	progress	more	laterally,	all	of	which	increases	the	risk	of	injury	through	a	lateral	approach	(Mobbs	et	al.,	2015).	Pre-operatively,	the	patient	is	positioned	laterally,	with	either	the	left	or	right	side	up	depending	on	the	surgeon’s	preference.	Then,	a	small	lateral	incision	is	made	based	on	the	positioning	and	angulation	of	the	disc	and	neuromonitoring	is	then	used	to	further	access	the	disc	space	(Mobbs	et	al.,	2015)	Neuromonitoring	is	a	modern	technique	using	electrophysiological	tools	such	as	electroencephalography	(EEG)	or	electromyography	(EMG)	to	assess	and	monitor	functional	integrity	of	neural	structures	when	performing	spinal	procedures	(Stecker,	2012).	
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As	previously	mentioned,	the	LLIF	technique	is	suitable	for	most	degenerative	lumbar	conditions	but	it	is	not	particularly	suitable	for	severe	central	canal	stenosis,	bony	lateral	recess	stenosis	and	high-grade	spondylolisthesis	(Malham	et	al.	2015).	The	advantages	of	the	LLIF	technique	are	that	it	is	a	minimally	invasive	surgical	(MIS)	approach	that	can	be	performed	with	rapid	post-operative	mobilization	(Mobbs	et	al.,	2015).	Patients	with	aggressive	lumbar	deformities	can	be	corrected	with	high	fusion	rates	and	comprehensive	disc	space	clearance	(Eck	et	al.,	2007	&	Phan	et	al.,	2015).	Disadvantages	of	the	LLIF	techniques	are	mainly	the	risk	of	injury	to	the	lumbar	plexus,	psoas	muscle,	bowel	injury	at	the	L4/L5	level	as	well	as	vascular	injury,	which	may	be	difficult	to	control	given	the	main	vascular	structures	located	in	that	area,	the	right	or	left	common	iliac	artery	and	vein	(Mobbs	et	al.,	2015).		 	
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OBJECTIVES	
	Controversy	exists	in	determining	patient	suitability	for	Lateral	Lumbar	Interbody	Fusion	(LLIF)	based	on	psoas	morphology.	The	effect	of	posture	on	psoas	morphology	through	lumbar	MRIs	performed	in	sitting	or	supine	positions	has	not	previously	been	studied.	The	goal	of	this	study	is	to	quantify	the	effect	of	sitting	versus	supine	lumbar	spine	MRI	and	the	change	in	anterior	displacement	of	the	psoas	muscle	from	L1-L2	to	L4-L5	discs.	From	quantifying	these	effects,	physicians	can	then	determine	what	implications	this	change	in	positioning	may	have	in	selecting	suitability	for	LLIF	and	intra-operative	patient	positioning.				 	
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METHODS	
	
Patient	Selection	A	retrospective	review	was	conducted	on	a	single	spine	surgery	practice	over	a	6-month	period	to	identify	patients,	both	male	and	female,	whom	had	undergone	an	MRI	of	the	lumbar	spine	for	evaluation	of	degenerative	spinal	pathologies.	Patients	were	included	if	aged	between	18-90	years	presenting	with	degenerative	lumbar	spinal	pathology	between	2015-2016.	Patients	were	excluded	if	they	had	previous	abdominal	infection,	lumbar	fusion,	scoliosis,	neuromuscular	disease,	were	skeletally	immature	or	had	intrinsic	abnormalities	of	the	psoas	muscle	(e.g.	tumor,	infection	or	trauma).			
Radiographic	Measurement		 MRI	image	acquisition	was	performed	with	either	a	1.5T	or	3T	magnet,	in	a	sitting	or	supine	position.	The	postural	position	was	not	randomized.	Axial	TI	images	were	analyzed	at	each	intervertebral	level	to	assess	the	morphology	of	the	psoas	muscle	at	each	intervertebral	level.	T1-weighted	images	(Figure	1)	were	chosen	because	they	display	muscle	as	a	normal	gray	hue	and	fat/subcutaneous	tissue	as	bright	white	hue,	which	helps	differentiates	the	two	when	examining	muscles	on	images.	Conversely,	T2-weighted	images	show	inflammation,	intervertebral	discs	and	cerebral	spinal	fluid	(CSF)	as	brighter	artifacts	on	MRI	
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images	as	opposed	to	muscle	and	fat/subcutaneous	tissue,	which	both	appear	as	darker	artifacts	and	harder	to	differentiate.			 The	anteroposterior	(AP)	dimension	of	the	psoas	muscle	was	measured	at	each	disc	space	of	both	the	right	and	left	psoas	muscle	from	L1-L2,	L2-L3,	L3-L4	and	L4-L5	and	compared	to	the	AP	dimension	of	the	intervertebral	disc,	as	measured	by	the	AP	length	of	the	superior	endplate	of	the	caudal	vertebra.	The	AP	psoas:disc	ratio	was	then	calculated	and	compared	between	patients	undergoing	sitting	and/or	supine	lumbar	spine	MRIs.		
Figure	1:	Sagittal	&	Axial	View	of	the	Lumbar	Spine.	This	is	a	T1-weighted	sagittal	view	of	the	lumbar	spine	with	a	scout	line	on	the	sagittal	place	corresponding	to	the	axial	view	of	the	L4-L5	superior	endplate.		
	
Statistical	Analysis	
	 The	aim	of	the	study	was	to	use	the	ratio	between	the	AP	psoas	muscle	and	the	intervertebral	disc	to	determine	a	%	increase	or	decrease	in	that	ratio	between	
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patients	in	the	sitting	and	supine	position.	For	patients	whom	had	undergone	both	a	sitting	and	supine	lumbar	spine	MRI,	the	psoas	anatomy	was	compared	using	a	paired	t-test.	For	patients	whom	had	undergone	only	a	sitting	or	supine	MRI,	a	propensity	score	match,	a	statistical	analysis	of	observational	data	was	used	to	estimate	the	effect	of	covariates	that	predict	receiving	the	treatment.	The	propensity	score	match	(PSM)	was	performed	to	match	patients	for	age,	BMI	and	gender.			 	
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RESULTS	
	
Demographics		 There	was	a	total	patient	population	of	269.	60	patients	had	sitting	MRIs	and	209	had	supine	MRIs.	Of	those	with	sitting	MRIs,	30	were	male	and	30	were	female	and	of	those	with	supine	MRIs,	84	were	male	and	125	were	female.	16	of	the	total	269	patients	had	both	supine	and	sitting	MRIs,	with	an	equal	amount	of	males	and	females	(Table	1).		
Table	1.	Comparison	of	PSM	Group	and	BOTH	Group	Factors.	This	table	highlights	the	differences	of	the	patient	population	included	in	our	study.	It	depicts	the	differences	between	the	BOTH,	Supine	and	Sitting	patient	groups	with	regards	to	age,	BMI	and	gender	as	well	as	reporting	the	P-value	of	significance	between	the	Sitting	and	Supine	groups.			 	 Both	 Supine	 Sitting	 	 		 		 Mean		 SD	 Mean	 SD	 P-Value	Sitting	Vs.	Supine	
Age	 58.77	 57.98	 14.882	 55.46	 15.996	 0.3015	
BMI	 28.6654	 27.3864	 5.39388	 29.7579	 6.31889	 0.0090	
Gende
r	 7F:6M	 115F:80M	 0.493	 24F:24M	 0.505	 0.2606	
	
Propensity	Score	Match	(PSM)	Group		 Within	the	269	patient	MRIs	evaluated,	the	patients	with	both	supine	and	sitting	MRIs	were	classified	into	the	“BOTH”	group.	For	the	two	separate	groups	of	patients	with	either	a	supine	MRI	or	a	sitting	MRI,	a	PSM	was	then	performed	to	match	for	age,	BMI	and	gender	to	produce	two	groups	of	43	patients.	In	Table	2,	the	
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PSM	and	BOTH	groups	were	separated	and	results	were	collected	at	each	individual	disc	level.	The	left	and	right	aspects	of	the	psoas	muscle	were	also	measured	separately.	At	the	L1-L2	disc	there	was	no	statistically	significant	change	between	sitting	and	supine.	At	the	L2-L3	disc	there	was	an	11.5%	increase	(p=0.01)	in	psoas:disc	ratio	on	the	left	and	18.9%	increase	on	the	right	psoas	(p<0.001)	in	the	sitting	patients.	At	the	L3-L4	disc	there	was	a	17%	increased	psoas:disc	ratio	on	the	left	and	22.6%	on	the	right	psoas	(p<0.001	for	both).	At	the	L4-L5	disc	there	was	a	19.6%	increase	in	the	psoas:disc	ratio	on	the	left	and	23.4	%	on	the	right	psoas			muscle	(p<0.001	for	both).	
	
	 Left	Psoas	 Right	Psoas	
	 Propensity	Matched	 Propensity	Matched	
Disc	
Level	 Sitting		 Supine	
%	
Increase	
in	
Sitting	
P-
Value	 Sitting	 Supine	
%	
Increase	
in	
Sitting	 P-Value	L1-L2	 0.770	 0.701	 9.843	 0.133	 0.710	 0.732	 -3.005	 0.681	L2-L3	 1.020	 0.915	 11.475	 0.010	 1.023	 0.860	 18.953	 <0.001	L3-L4	 1.210	 1.034	 17.021	 <0.001	 1.232	 1.005	 22.587	 <0.001	L4-L5	 1.535	 1.283	 19.641	 <0.001	 1.581	 1.281	 23.419	 <0.001		 Left	Psoas	 Right	Psoas		 BOTH	Group	 BOTH	Group	
Disc	
Level	 Sitting		 Supine	
%	
Increase	
in	
Sitting	
P-
Value	 Sitting	 Supine	
%	
Increase	
in	
Sitting	 P-Value	L1-L2	 0.798	 0.639	 24.883	 0.040	 0.725	 0.692	 4.769	 0.642	L2-L3	 1.019	 0.864	 17.940	 0.005	 1.019	 0.868	 17.396	 <0.0001	L3-L4	 1.238	 0.999	 23.924	 0.004	 1.272	 0.973	 30.730	 <0.0001	L4-L5	 1.660	 1.250	 32.800	 0.004	 1.680	 1.226	 37.031	 <0.0001	
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Table	2.	Left	vs.	Right	Psoas	Muscle	Comparison	in	PSM	and	BOTH	Groups.	This	table	shows	the	percentage	increase	of	the	psoas:disc	ratio	in	sitting	versus	supine	MRIs	at	each	respective	intervertebral	disc	level	with	its	respective	p-value	to	
highlight	significance.		
Patients	with	BOTH	sitting	and	supine	MRI	
	 For	the	group	“BOTH”,	patients	that	underwent	both	sitting	and	supine	MRIs,	at	the	L1-L2	disc	there	was	a	24.8%	increase	(p=0.04)	in	psoas:disc	ratio	on	the	left	side	and	no	statistically	significant	change	on	the	right	side.	At	the	L2-L3	disc	there	was	a	17.9%	increase	(p=0.005)	in	psoas:disc	ratio	on	the	left	side	and	17.4%	increase	on	the	right	psoas	(p<0.0001)	in	the	sitting	patients.	At	the	L3-L4	disc	there	was	a	13.9%	increase	(p=<0.004)	in	psoas:disc	ratio	on	the	left	side	and	a	30.7%	increase	on	the	right	psoas	(p<0.0001)	in	the	sitting	patients.	At	the	L4-L5	disc	there	was	a	32.8%	increase	(p=<0.004)	increase	in	psoas:disc	ratio	on	the	left	side	and	a	37%	increase	on	the	right	psoas	(p<0.0001)	in	the	sitting	patients	(Figure	3	&	4).	Additionally,	there	was	an	observed	137%	maximal	increase	in	the	sitting	L4-L5	left	psoas	muscle	AP	diameter	versus	the	supine	and	an	observed	97%	maximal	increase	in	the	sitting	L4-L5	right	psoas	muscle	AP	diameter	versus	the	supine.	These	aforementioned	results	were	condensed	and	also	reported	in	Table	2	above	for	side-by-side	comparison	at	each	disc	level	for	each	specific	group.	
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Outcomes		 When	comparing	the	psoas	morphology	in	patients	with	both	sitting	and	supine	MRIs,	there	was	an	increased	psoas:disc	ratio	in	the	sitting	position.	Moreover,	in	the	propensity	match	cohorts,	patients	within	sitting	MRIs	also	demonstrated	an	increase	psoas:disc	ratio	than	those	with	supine	MRIs.	The	ratio	was	found	to	increase	at	the	more	caudal	intervertebral	discs.	Furthermore,	the	difference	in	the	psoas:disc	ratio	between	sitting	and	supine	increased	in	the	more	caudal	intervertebral	disc	levels	(Table	2	&	Figure	2).		
	
Figure	2.	Representation	of	the	Trends	in	Psoas:disc	Ratio.		A	graphical	depiction	of	the	increase	in	psoas-disc	ratio	from	the	L1-L2	disc	to	the	L4-L5	disc	bilaterally	on	sitting	and	supine	MRIs.	Note	the	increased	difference	in	anteroposterior	(AP)	psoas:disc	ratio	between	the	sitting	and	supine	groups	at	more	cephalic	discs	in	the	BOTH	group	and	the	propensity	score	matched	(PSM)	group.	
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Figures	3	and	4.	MRI	Imaging	Highlighting	Psoas	Morphology.	Axial	T1	(A,B,D)	and	T2	(C)-weighted	magnetic	resonance	imaging	(MRI)	images	of	two	BOTH	group	patients	in	supine	(A	and	B)	and	sitting	(C	and	D)	demonstrating	psoas	morphology	change,	characterized	by	an	increase	in	anterior-posterior	psoas:disc	ratio	and	decrease	in	medical-lateral	diameter	in	sitting.						
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DISCUSSION	
	Pre-operative	analysis	of	MRI	images	of	the	lumbar	spine	allows	surgeons	to	observe	lumbar	spine	bony	and	neuro-anatomy,	the	location	of	vascular	structures	and	the	psoas	morphology.	Such	analysis	helps	the	surgeon	decide	the	feasibility	of	various	operative	approaches	for	lumbar	fusion	surgeries.	With	regard	to	psoas	anatomy,	the	current	study	establishes	that	patients	in	the	sitting	position	have	a	more	anterior	displacement	of	the	psoas	muscle.	This	finding	may	affect	a	surgeon’s	decision	to	proceed	with	a	lateral	approach	if	the	psoas	and	the	lumbar	plexus	shift	anterior	to	the	corridor	used	to	perform	the	lateral	discectomy	and	fusion.	Access	to	the	lumbar	spine	in	the	safest,	most	efficient	and	minimally	invasive	way	is	an	important	objective	for	lumbar	spine	surgery.	Minimally	invasive	spine	surgery	theoretically	leads	to	less	blood	loss	and	tissue	trauma	(Anand	N.	et	al.,	2008)	and	reduces	recovery	time	(Guerin	P.	et	al.,	2012).	The	trans-psoas	approach	and	the	oblique	anterior-to-psoas	approach,	while	providing	a	less	invasive	access	to	the	intervertebral	disc,	have	been	associated	with	injury	to	the	lumbar	plexus	during	the	procedure,	which	can	occur	during	the	penetration	and	retraction	of	the	psoas	muscle	(Guerin	P.	et	al.,	2012).	The	difficulty	lies	in	how	to	successfully	determine	a	point	of	entry	to	split	the	psoas	muscle	(Guerin	P.	et	al.,	2011).		Guerin	et	al.	(2011)	analyzed	the	location	of	retroperitoneal	vessels	and	the	nerve	roots	in	the	retroperitoneal	space	relative	to	the	intervertebral	disc	spaces	
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using	MRIs	and	determined	safe	zones	that	would	avoid	nerve	and	vessel	injuries	during	a	procedural	approach.	The	safe	working	zone	was	defined	as	the	anterior	passage	between	vessels	and	lumbar	plexus	and	was	measured	as	a	percentage	of	the	sagittal	vertebral	body	diameter	from	anterior	to	posterior.	They	reported	the	safe	working	zone	as	being,	75.3%	at	L1-L2,	59.5%	at	L2-L3,	51.9%	at	L3-L4	and	37.8%	at	L4-L5	levels	(Guerin	P.	et	al.,	2011).	Furthermore,	Spivak	et	al.	(2013)	determined	in	their	cadaveric	anatomic	study	of	12	cadavers	(24	psoas	muscles)	to	delineate	the	safe	zone	for	retractor	placement,	that	no	nerve	root	impinged	anteriorly	beyond	33%	of	the	intervertebral	disc.	These	measurements	were	made	via	the	AP	excursion	of	each	of	the	L2,	L3,	L4	nerve	roots	from	the	posterior	border	of	the	vertebral	body	to	its	most	anterior	location,	which	were	taken	with	a	caliper	(Spivak	et	al.,	2013).	They	also	reported	that	the	mean	AP	psoas-vertebral	body	coverage	increased	significantly	from	L2-L3	to	L3-L4	(79.2	±10.2%	vs.	86.6	±6.1%)	but	did	not	differ	significantly	from	L3-L4	to	L4-L5	(86.6	±6.1%	vs.	84.8	±6.8%)	or	between	the	left	and	right	sides	or	between	males	and	females	(Spivak	et	al.,	2013).	All	of	the	lumbar	nerve	roots	were	within	the	posterior	half	of	the	disc	space.	They	recommended	that	the	lumbar	plexus	need	not	be	directly	visually	via	the	lateral	trans-psoas	approach	but	neuro-monitoring	during	the	muscle	dissection,	but	neural	stimulation	with	EMG	and	retractor	docked	anterior	to	the	midpoint	of	the	disc	on	lateral	fluoroscopy	was	recommended	(Spivak	et	al.	2013).	
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The	psoas	major	increase	in	size	as	it	descends	the	trunk,	moving	anteriorly	and	slightly	laterally	in	relation	to	the	vertebral	body	(Reid	J.G.	et	al.,	1994).	The	psoas	major’s	trend	of	increasing	size	continues	to	the	level	of	L4-L5	where	it’s	cross-sectional	area	then	decreases	to	the	S1	level	(Reid	J.G.	et	al.,	1994).	Furthermore,	the	left	and	right	psoas	major	muscles	are	symmetrical,	where	paired	a	t-test	showed	no	significant	left	and	right	difference	in	psoas	cross	section	area	in	a	MRI	study	conducted	by	Reid	et	al.	(1994).	When	the	lumbar	spine	is	undergoing	flexion,	without	hip	flexion,	the	upper	fascicles	of	the	psoas	major	shortens	by	5-14mm	while	the	lower	fascicles	show	little	change	in	length	(Bogduk	N.	et	al.,	1992).	The	moment	arms	of	the	fascicles	increase	in	magnitude	in	a	positive	sense,	the	flexion	moment	arms	become	larger	and	extension	moment	arms	become	smaller	or	convert	to	flexion	moment	arms	(Bogduk	N.	et	al.,	1992).		Davis	et	al.	(2014)	conducted	a	cadaveric	study	which	focused	upon	the	retroperitoneal	oblique	passage	to	the	L2	to	S1	discs	and	their	study	determined	that	the	use	of	this	particular	approach,	anterior	to	the	psoas	muscle,	may	avoid	many	of	the	anatomic	structure-associated	complications	with	the	anterior	or	trans-psoas	approaches,	but	lumbar	plexus	injury	is	still	a	major	risk	factor	when	considering	this	approach,	as	the	nerve	roots	may	still	be	compressed	against	the	transverse	process	with	retraction	(Mehren	C.,	2016).		Regev	et	al.	(2009)	performed	a	morphometric	study	using	MRI	exams	to	determine	the	anatomic	position	for	the	nerve	roots	and	large	retroperitoneal	vessels	in	relation	to	the	vertebral	body.	They	determined	that	the	risk	of	injury	to	
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the	ventral	nerve	roots	and	retroperitoneal	large	vessels	increased	significantly	at	the	L4-L5	level	(Regev	et	al.,	2009),	consistent	to	the	reported	results	by	Guerin	et	al.	(2011).	The	study	conducted	by	Regev	et	al.	(2009)	used	radiographic	reference	points	and	the	relative	ratio	between	the	anatomical	structures	and	the	vertebral	body	for	radiographic	measurements	similar	to	our	own	study	and	results.	Our	results	established	that	sitting	(i.e.	hip	flexion)	results	in	anterior	displacement	of	the	psoas	in	the	“BOTH”	patient	group,	and	in	the	propensity	matched	(PSM)	cohorts.	The	difference	was	similar	in	matched	patients	and	with	propensity	score	matching	analyses,	however	the	number	of	patients	in	the	“BOTH”	group	was	lower.	These	results	show	that	when	considering	the	trans-psoas	and	oblique	approaches,	sitting	MRIs	may	dissuade	surgeons	from	attempting	a	LLIF	in	specific	patients.	Flexion	of	the	hips	45-60	degrees	intraoperatively	has	been	advocated	by	O’Brien	et	al.	(2014),	in	which	they	reported	it	would	reduce	strain	in	the	lumbar	plexus	at	the	L4-L5	disc.	This	cadaveric	study	did	not	stimulate	lateral	retractor	placement	in	the	psoas	however,	and	the	cadaveric	lower	extremity	had	been	amputated	mid-thigh.	The	effect	of	hip	and	knee	flexion/extension	with	lateral	retractor	placement	remains	unknown,	however	our	data	suggests	that	hip	flexion	may	translate	the	lumbar	plexus	further	anteriorly,	therefore	increasing	the	risk	of	docking	onto-,	or	posterior	to	the	lumbar	plexus	and	causing	inadvertent	lumbar	plexus	injury	during	surgical	approach	or	retraction.			A	limitation	of	this	study	is	that	it	does	directly	comment	upon	the	position	of	the	lumbar	plexus	in	sitting	and	supine	positions.	Accurate	assessment	of	the	
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plexus	could	not	be	performed	on	these	routine	investigations	owing	to	limited	lumbar	plexus	visualization	due	to	the	oblique	plane	of	the	nerve	path	on	the	axial	and	sagittal	images.	Additionally,	although	the	fat	streak	can	be	used	as	a	surrogate	for	where	the	lumbar	plexus	is,	its	accuracy	has	not	been	validated,	so	we	opted	to	use	the	AP	dimensions	of	the	psoas	as	the	surrogate.	We	cannot	therefore	specifically	make	recommendations	regarding	intra-operative	positioning	for	the	patient,	however	we	suggest	that	standardization	in	lumbar	MRI	image	acquisition	is	an	important	step	in	further	understanding	psoas	and	lumbar	plexus	anatomy	in	surgical	planning.	We	had	a	limited	number	of	patients	with	both	sitting	and	supine	lumbar	MRIs	(13	patients),	however	despite	this,	a	significant	change	in	morphology	was	still	demonstrable.		 		 	
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